The negative impact of the non-proportionality of stress components on fatigue strength and fatigue life [1] and [2] was observed in relation to a significant number of materials. Its direct effect is the phenomenon of additional hardening [3] to [5] . Nonproportionality can result from periodic load signals with phase shift (Fig. 1a) [6] to [8] , asynchronous periodic signals (Fig. 1b) and random signals (Fig. 1c) [9] to [11] among other factors
INTRODUCTION
The negative impact of the non-proportionality of stress components on fatigue strength and fatigue life [1] and [2] was observed in relation to a significant number of materials. Its direct effect is the phenomenon of additional hardening [3] to [5] . Nonproportionality can result from periodic load signals with phase shift (Fig. 1a ) [6] to [8] , asynchronous periodic signals (Fig. 1b) and random signals (Fig. 1c ) [9] to [11] among other factors
In cases of periodic out-of-phase signals of components of stress, the most damaging to the material, regardless of its type, is phase shift, expressed by the value of angle δ = 90°. The degree of non-proportionality of stress condition also depends on the ratio of amplitudes of shear to normal stress λ = τ a / σ a , which is usually omitted in works that analyse non-proportional loads.
The objective of the this study is to analyse the influence of the λ ratio on fatigue life and the fatigue fracture surface morphology and crack plane orientation (which often are the subject of interest [9] , [12] and [13] ) for copper Cu-ETP and austenitic steel X2CrNiMo17-12-2. The materials were selected for tests due to their potentially high sensitivity to nonproportionality of load [14] .
TESTS CONDITIONS
All fatigue tests were conducted with application of a fully reversed sine signal (R = -1) of constant amplitude, with stress control, using an Instron 8874 biaxial testing system with a load range of ±25 kN for tension-compression and ±100 Nm for torsion (Fig.  2 ).
Specimens were made by the machining of material as delivered. Specimen dimensions are presented on Fig. 3 . Chemical composition of the tested steel and copper type are presented in Tables 1  and 2 .
The specimens were subject to tensioncompression, torsion, proportional load (λ = 0.5) and non-proportional loads (0.3 < λ < 0.8, δ = 90°). 
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Fig. 2. Instron 8874 biaxial testing system
Values of amplitudes were selected in order to obtain the exact value of amplitude (denoted as in subscript) of root mean square of the second invariant of stress deviator, J a 2, [15] , multiplied by fatigue limits ratio for a given load level. The value can be written as follows:
The above value is the equivalent stress according to von Mises criterion:
with consideration of fatigue limits ratio for torsion and tension-compression τ -1 /σ -1 , in place of the constant value 3 . The von Mises criterion does not take into account the non-proportionality of load. The choice of such a criterion has been made deliberately, in order to show how the variable degree of nonproportionality, depending on the value of λ ratio, affects the fatigue life. TC indicates the results for tension-compression, T is torsion, P5 proportional load of coefficient λ = 0.5 and non-proportional loads, expressed as NP, of values of coefficient λ = 0.3, 0.4, 0.5, 0.53, 0.6, 0.7, 0.8, respectively. Fig. 4 shows state of stress on the surface of the specimen and distribution of normal stress σ α , shear stress τ α and von Mises equivalent stress σ Mα acting on specimen surface, depending on the direction expressed by α angle.
TEST RESULTS
Fatigue Life
A summary of the test results is presented in Tables 3  and 4 . 
coefficient A and exponent B of which were obtained via least square linear regression. The procedure of generating a line of best fit is well known in fatigue literature and its description can be found in [16] as well as in other sources. The resulting coefficients of determination R2 are denoted in Figs. 5 and 8. After transformation of the Basquin equation:
it is possible to calculate the fatigue life as the material is supposed to reach for the specific value of equivalent stress. The values of equivalent stresses calculated for various loads were placed into a transformed Basquin's equation coefficients, which were determined for tension-compression; in this way the calculated fatigue lives N cal were specified. Then they were compared with experimental fatigue lives Analogously, the following were prepared: Wöhler's curves (Fig. 8) , a fatigue life comparison graph (Fig. 9) , and a graph of fatigue life dependency on λ (Fig. 10) , for X2CrNiMo17-12-2 steel for tension-compression (TC), torsion (T), proportional load (P) of λ value 0.5 and 0.8 and non-proportional (NP) with λ = 0.5, 0.8 and 1.0. In case of both tested materials, the fatigue lives of specimens subject to uniaxial load and proportional load, yielding the same value of equivalent stress σ eq , are very close. At the same time, the fatigue life of specimens subject to non-proportional loads is lower. Fatigue life reduction significantly depends on λ. Its highest reduction in the case of copper can be observed for λ = 0.53 ≈ τ -1 /σ -1 , and for steel for λ = 0.8 ≈ τ -1 /σ -1 . Fig. 11 presents, on the background of Wöhler's curves, the images of fracture surfaces morphology and cracks of Cu-ETP specimens subject to tensioncompression (TC). In all fracture surfaces, the tensilemechanism, indicating mode and fracture load can be observed. Fracture is perpendicular to the load direction. There was Case A and B crack growth (Case A grew along the surface of a material; Case B grew into the depth of a material [3] ). At higher load levels, there are ratchet marks visible, indicating the initiation of cracking with multiple origins and a relatively big fast fracture zone.
Macrofractography
In Fig. 12 , images of surface fracture morphology and Cu-ETP cracks from specimens being subjected to torsion are shown. Cracks were loaded in mode II, meaning that the shear mechanism operated. In all specimens, the direction of macro-crack is compliant with the direction of maximum shear stress. Fig. 13 shows images of surface fracture morphology and Cu-ETP cracks from specimens being subjected to a proportional load of coefficient λ = 0.5. The fracture face of the most loaded specimen resembles the fracture face of a specimen subject to tension-compression of low stress value. There are no ratchet marks and many origins, and the fracture 
. Wöhler's curves obtained for X2CrNiMo17-12-2 steel for various load types
zone is relatively small. One can observe more crack growth in Case A than in a case of pure shear. The higher the load level, the greater the number of origins and ratchet marks, being inclined and tapered, indicating the participation of torsion.
Fig. 9. Comparison of experimental fatigue lives for tensioncompression with calculated fatigue lives for X2CrNiMo17-12-2 steel
Images of surface fracture morphology and cracks in Cu-ETP specimens for non-proportional loads of three various values of coefficient λ are presented in Fig. 14. In the case of λ = 0.3, surface fractures of the most highly loaded specimen, is as for the specimen subject to tension-compression. There are no ratchet marks, and in the vicinity of the fracture zone there are several progression marks visible. The macro-crack plane is perpendicular to the specimen axis. On the fracture surface of specimens subject to lower loads, there are many river marks visible. Their endings indicate the fracture propagated in many directions. The macro-crack plane is located at an angle of 45° in relation to the specimen axis. For λ = 0.5, the fracture surface of the specimen subject to the highest loads is characterised by and extremely large fracture zone meaning that the material was under significant stress. The surface of the fatigue zone is irregular and the crack propagated from many origins and on various planes. In the case of a specimen subject to load of the lowest value, the fracture zone is smaller and fatigue zone as well as the macro-crack also indicate that the crack propagated on many planes. The predominance of Case A crack growth is visible. The macro-crack of the specimen subject to a non-proportional load of coefficient λ = 0.7, of the highest value is perpendicular to the specimen axis.
Fig. 11. Fractography of Cu-ETP for tension-compression High-Cycle Fatigue Behavior of Austenitic Steel and Pure Copper under Uniaxial, Proportional and Non-Proportional Loading
The predominance of Case A crack growth is even higher and the fracture surface bears friction marks. The macro-crack and fracture surface of the specimen subject to loads of lower value indicate cracks in many origins and crack development on a greater number of planes.
To summarize, the characteristic feature of fracture surfaces of copper specimens subject to nonproportional load is the crack growth on many planes. Fig. 15 presents fracture surfaces morphology and cracks of specimens made of steel X2CrNiMo17-12-2, subject to tension-compression. The tensile mechanism causing the Case A and B crack growth can be observed. The fracture is perpendicular to the load direction. In the fatigue zone, there are no progression marks or ratchet marks. The crack initiation was of a single origin. The fracture zone decreases along with the load reduction. Fig. 16 shows fracture surfaces morphology and specimen cracking of X2CrNiMo17-12-2, which were subject to fully reversed torsion. In cases with a high load level, the crack direction is compliant with the direction of maximum shear stress. There is a Case A crack growth. The fracture surface is featureless due to friction. The reduction of load level caused the change of macro-crack direction by 45°. For medium load levels, one can observe that the crack propagated on two planes, whilst for the lower load level only on a single plane.
Fracture surfaces and cracks of X2CrNiMo17-12-2 specimens subject to proportional loads of coefficient values λ = 0.5 and 0.8 are presented in Fig. 17 . In the case of λ = 0.5, cracks propagated at the angle of 7°, and for λ = 0.8 at the angle of 15°. The difference is 8°, and it is identical with the value of change of angle of principal axes between these load cases. Fracture surfaces are similar to fracture surface for tension-compression with the difference that the crack propagated more inward with regards to the material (Case B), rather than along the crack length. Fig. 18 shows fracture faces morphology and cracks of X2CrNiMo17-12-2 steel specimens subject to non-proportional loads of coefficient values λ = 0.5 and 0.8. In cases of λ = 0.5, the crack propagated along perpendicular direction to the specimen axis and more inwards with regard to the material (Case B) than for λ = 0.5 (more torsion), where it propagated more along the direction of the crack length (Case A) and at an angle of 30°.
Load non-proportionality resulted in the crack surface and its edge being highly irregular, indicating that the crack propagated on various planes. Similar to the case of Cu-ETP, the characteristic feature of fracture surfaces of specimens subject to nonproportional load is the crack propagation on many planes. 
High stresses
Macro fracture plane direction The summaries of fracture features are presented in Tables 5 and 6 .
Fracture surfaces of specimens subjected to nonproportional loads are different than for specimens subjected to proportional loads. Generally, in cases of non-proportional loads, cracks grow on many planes, thus the fracture surfaces are irregular.
Similarly to fatigue lives, the features of fracture surfaces strongly depend on the λ ratio. For high values of λ, more Case A than B crack growth mode can be observed, while in the case of proportional loads there was a similar amount of Case A and B crack growth mode. The influence of the most damaging value of λ ratio is also visible. Fracture surfaces are most irregular for the most non-proportional load, and cracks nucleated from many origins and propagated on many planes. The fracture zones are large, which indicates a high stress level.
SUMMARY AND CONCLUSIONS
A detailed study of the impact of shear to normal stress amplitudes, λ = τ a / σ a , on the fatigue life and fracture surface morphology of materials sensitive to non-proportional loadings has been conducted.
Both tested materials showed high sensitivity to non-proportionality of load. In the case of Cu-ETP copper application of fatigue criterion in a manner stressing the impact of non-proportional loads, it resulted in over-estimation of fatigue strength by about 22% and fatigue life by about 450% in extreme cases. ForX2CrNiMo17-12-2 steel, it was ca. 10% and ca. 650%, respectively.
For both materials the value of shear to normal stress ratio λ had significant impact on fatigue life. Values of coefficient λ close to relation τ -1 / σ -1 turned out to be the most damaging both for copper and for austenitic steel.
A similar dependence on the value of the λ ratio was observed in case of fracture surfaces. It had an impact on their morphology and the orientation of the macro-fracture plane.
It is worth emphasizing that for both materials the critical value of λ was different. This allows for the creation of the hypothesis that for materials subject to out-of-phase loads the most damaging are loads with components shifted in phase by 90° and of shear-tonormal stress ratio equal to τ -1 / σ -1 .
Therefore, it seems that for estimation of fatigue strength and fatigue life in the conditions of nonproportional loads, the relation of fatigue limits τ -1 / σ -1 is of very high importance.
The microscopic models of non-proportional fatigue failure mechanisms are highly general, regardless of the material (steel [17] , aluminium alloy [18] , non-ferrous metals, [19] to [21] , general (hypothetic) [22] ). At this stage of research, it is difficult to directly show their relationship with macroscopic phenomena presented in the article.
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